A review is presented of the genetic and physiological aspects of growth, body composition and feed efficiency in mice. The genetic parameters considered are: nature and extent of within and between-line genetic variation for body weight and growth rate; direct and correlated responses to selection for body weight, weight gain, feed intake and feed efficiency; direct genetic effects of the offspring (gO); maternal genetic effects (gM); heterosis in the offspring (hO); maternal heterosis (hM), and recombination effects in the offspring (rO). The physiological parameters considered are energy requirements for maintenance and growth. The role of thermoregulatory thermogenesis in relation to the partitioning of metabolizable energy between maintenance and growth requirements of large and small mice is emphasized. The relationship of feed efficiency with other traits is reviewed at length.
I ntroduction
Today many genetic problems are being studied with laboratory animals. The rationale for the mouse particularly as a model for animal breeding research has been discussed at length by Roberts (1965) . Extensive use of the laboratory mouse as a mammalian model has been made in studies of growth. Growth is a biologically complex character that expresses a coordinated development of various parts and organs of the body, and so it is a composite 1Present Address: Faculty of Agriculture, University of Papua New Guinea, P.O. Box 793, Lae, Papua New Guinea.
2 Dept. of Anita. Sci. Received March 18, 1983. trait. It is the end product of many different physiological processes and is controlled by many genes and, consequently, it is easy to manipulate by selective breeding. However, the precise effects on the physiological and developmental processes are difficult to define. Selection for growth rate or body weight may result in various types of changes in the carcass components giving rise to the increase of body weight. Results of some long term experiments with mice have indicated that selection to increase or decrease growth rate has little effect on the shape of the growth curve (Gall and Kyle, 1968; Eisen et al., 1969; Timon and Eisen, 1969; Bakker, 1974) , but that it can alter the chemical composition of the body (Fowler, 1958; Hull, 1960; Clarke, 1969; Bakker, 1974; Sutherland et al., 1974; McPhee and Neill, 1976; Eisen and Bandy, 1977; McPhee et al., 1980) . A few studies (Hayes and McCarthy, 1976; Allen and McCarthy, 1980) report on the differences in body composition of selected strains of mice whose growth curves had departed from the curve characteristic of the base population.
Another dimension in a genetic analysis of growth rate is food intake utilization. Animals need energy for growth, which they obtain from food. Food is broken down in the gastrointestinal tract and is then converted into body substance by means of constructive or assimilatory synthesis. In growing animals, a major portion of food intake is used for maintenance, while some also is used for synthesizing new tissues. However, partitioning of the total feed intake of growing animals into maintenance and growth components cannot easily be done because of the problems associated with their measurement. In addition, little information is available about the genetic control of this partitioning. Whereas constancy of maintenance requirements in mature animals is well docuAccepted August 2, 1983. mented, the maintenance requirements in 577 JOURNAL OF ANIMAL SCIENCE, Vol. 58, No. 3, 1984 growing animals are poorly understood (Kibler and Brody, 1944; Fowler, 1962; McCarthy, 1980) . Similarly, we have limited knowledge of the energy requirements per unit of lean, fat or bone tissue deposition, and consequently also the genetic manipulations needed to achieve any desired animal.
Genetic differences in growth rate, voluntary feed intake and feed utilization are often associated with marked differences in body composition. The fact that differences in body composition, particularly in carcass fat percentage, are generated by selection for body weight, for feed intake or for feed efficiency indicates the existence of genetic variation for body compsition and demonsrates some of the physiological interactions in phenotypic expression of these characters.
A number of studies in mice have shown significant among-line genetic variation in body weight, carcass composition, feed intake and feed efficiency. The two major sources of among-line genetic variation are direct genetic effects in the offspring and maternal genetic effects. Direct and maternal genetic effects may be further partitioned into such parameters as additive, heterotic and recombination effects. Knowledge of these genetic parameters is required for comparing efficiencies of different populations and for utilizing the genetic diversity among populations to increase production in a livestock situation.
Growth Pattern of the Mouse
Before discussing any particular aspect of growth in the mouse, it will be useful to determine the normal growth pattern. The usual lifespan of the mouse is about 2.5 yr. From birth, given adequate nutrition, a mouse will grow in body weight along a sigmoid curve, showing acceleration at about puberty and slowing as maturity is reached. On the basis of its growth curve, the mouse's growth period can be divided into four phases (Silberman and Kedar, 1977) .
1. A post-embryonic development phase extending up to weaning at about 3 wk of age. This phase is characterized by a steady but submaximal growth. This growth period functions as a preparatory stage to the rapid growth during adolescence.
2. A phase of very active growth extending from the third to sixth week. During this phase, normal mice experience their highest rates of growth and at the end they attain sexual maturity.
3. The phase of skeletal maturation extending from the 7th to the 20th wk. This phase is characterized by slow but continual growth rate until skeletal maturation is accomplished.
4. A phase of full maturation from the 26th to the 52nd wk.
The period between birth and puberty is one during which there is a major interaction between the growing animal and its environment. Therefore, this phase of growth is particularly important in studies of body composition and efficiency of feed utilization.
The time sequence of maximal growth activity of different tissues indicates that the peak rates do not coincide, this in spite of the fact that both the entire body as well as skeletal structure experience an exponential pattern of growth. Sequentially, bone is an early developing tissue as compared with musle and, in turn, muscle develops earlier than fat (Palsson, 1955) . Within fat, there are early and late maturing sites (Allen and McCarthy, 1980; Leat and Cox, 1980) .
Genetic Variation in Growtb Rate and Body Weight.
Over the past 30 yr, growth rate and body weight have been used extensively in studies connected with selective breeding in mice. Selection has usually been effective in bringing about marked changes in weight, and the limits to selection responses are usually not reached for about 20 generations (Roberts, 1966) . Realized heritability estimates range from .08 to .17 for preweaning body weights Robinson et al., 1974; Frahm and Brown, 1975) , .2 to .5 for postweaning body weights (Falconer, 1953; Legates, 1969; Wilson et al., 1971; Rutledge et al., 1973; McCarthy and Doolittle, 1977) and .3 to .4 for postweaning gains (Sutherland et al., 1970; Bradford, 1971; Wilson, 1973; Frahm and Brown, 1975) . Estimates of realized genetic correlations of .9 for 5-and 10-wk body weights (McCarthy and Doolittle, 1977) , .17 to .89 for early and late postweaning gains and .20 to .73 for postweaning gain and weights (Wilson, 1973) have been reported. The additive genetic component of within-line variation for growth rate and body weight has thus been clearly established. However, experimental evidence of the nature of genetic variation among-lines is less extensive.
Among-line genetic differences involve both additive and nonadditive genetic effects. A number of diallel crossing experiments using laboratory mice to examine the relative importance of these sources of variation have been reported (Cartoon, 1963; Kidwell and Howard, 1969; Jamison et al., 1975 ). Carmon's diallel analysis involved four lines of mice, one of which was highly inbred, two slightly inbred and another outbred. Significant heterosis for weight at 21 and 45 d of age was observed. General combining ability was highly significant at both these ages. A similar design and analysis were used by Kidwell and Howard (1969) in their study involving four inbred lines in which they examined body weight at birth and at weekly intervals through 10 wk. Heterosis was significant at all ages. Differences between lines for general combining ability were not significant at any age. Specific combining ability effects were significant from 1 to 7 wk, but generally accounted for a lower proportion of the total variance than did general combining ability. Insufficient degrees of freedom for general and specific combining abilities (3 and 2, respectively) appears to be the likely reason for nonsignificance of general combining ability. Jamison et al. (1975) The importance of gene frequency differences between lines to produce a heterotic effect on crossing is well known (Falconer, 1981) . Therefore, to obtain unambiguous results from diallel crossing, it is better to use lines that show large genetic differences. In this regard, crossing selected or inbred lines derived from a single base and showing diverse phenotypes should give more significant estimates of genetic parameters than those based on crossing lines diverse in origin but showing small differences in growth. However, large differences between lines does not always ensure that heterosis will be present.
In addition to diallel experiments, there are other reports indicating the presence of nonadditive genetic variation in body weight. Butler (1958) demonstrated that heterosis for body weight increased with increases in age up to 60 d in a cross between two inbred strains. Nagai et al. (1976) observed significant heterosis for 12-d litter weight. A number of researchers have reported significant heterosis for pre-and postweaning body weights and weight gains (Eisen, 1973; Bakker et al., 1976; Nagai et al., 1976) . Williams et al. (1978) observed significant heterosis for degree of maturity, absolute maturing rate and relative maturing rate at various pre-and postweaning ages.
Some other reports indicate little evidence of nonadditive genetic variation and heterosis in body weight of the mouse. Miller et al. (1963) , in a detailed study, did not find significant nonadditive genetic variance for 3-and 6-wk body weight. Vinson et al. (1969) reported reciprocal recurrent selection to be the least effective of the three methods of selection used by them to increase gain in body weight. Comstock et al. (1963) observed that the increased growth of the F1 was all due to general combining ability. Nagai et al. (1980) found no evidence of heterosis in body weight at a number of ages, with the exception of 21-d weight in only one of the 16 reciprocal F1 crosses.
Therefore, from the experimental evidence available so far, it appears that among-line differences in body weight of mice are due primarily to additive genetic effects. The presence of nonadditive genetic variance has been reported in a number of studies, but it is not an invariable feature of the mouse data.
Body Composition
Weight increments in growing animals are accompanied by changes in their chemical composition. Chemical components of the body of the mouse exhibit differential growth from birth to maturity. During the active growth period, the percentage of protein and fat increases while that of water and ash decreases. As the asymptotic weight is reached, percentages of protein, water and ash reach more or less constant proportions of the fat-free body. Fat is deposited at an exponential rate but relatively late in the life cycle. The increments in weight after maturity are largely due to gain in fat.
The constancy of fat-free body weight was referred to as 'chemical maturity' by Moulton (1923) . Moulton proposed that the chemical composition of different animals should be compared on a fat-free basis. The age at 'chem-ical maturity' is closely associated with the age at sexual maturity. This, however, gives no indication of the physiological status of animal before this age. Based on the decreasing proportion of water and increasing proportion of protein up to the age of chemical maurity, Brody (1945) suggested that the ratio of protein to water should serve as an indicator of "physiological aging". On this basis, age and weight at chemical or sexual maturity should then coincide with the age and weight at which the ratio of protein to water is maximum.
The above considerations suggest that knowledge of body composition can be helpful in understanding the physiology of growth and in making genetic comparisons at equivalent physiological or chronological ages or at equivalent body or carcass weights. A number of researchers have traced changes in the body composition of growing mice and have expressed these in different ways. In a large majority of cases the lines of mice used were selected for a number of generations for body weight or growth rate, and body composition was studied as a correlated response to selection for these traits.
Selection Responses in Body Composition.
Body composition may be altered by genetic and(or) nutritional means. Studies on direct selection for body composition traits in mice have so far not been reported. Nevertheless, a number of reports of indirect effects on body composition as a consequence of direct selection for weight or weight gain on full or restricted feeding are available in the literature. Interest in body composition has mainly related to the proportion of body fat, which is indeed the major variant of all the body tissues.
The majority of reports (Fowler, 1958; Clarke, 1969; Hayes and McCarthy, 1976; Hetzel, 1978; Allen and McCarthy, 1980; McPhee et al., 1980) has indicated that at equal ages, lines selected for high body weight tend to be fatter as compared with unselected lines or low body weight selection lines. Some other reports do not support this trend. Lang and Legates (1969) and Brown et al. (1977) did not observe significant differences in the fat percentage between their high, low and control lines. Similar results were found by Fowler (1958) in the lines derived from the 'C' strain of Falconer's mice.
The age at selection appears to be a significant factor in determining the stage of fat development in mice. A general view emerging from a number of studies (Fowler, 1958; Hull, 1960; Hayes and McCarthy, 1976; McPhee and Neill, 1976; Allen and McCarthy, 1980) , in which fat was measured over a range of ages, is that before the age of selection, the lines selected for increased body weight will be leaner on a constant weight basis with a tendency to rapidly grow fatter at later ages. Selection for increased weight at an early age would appear to result in a greater increase in carcass fat compared with selection at a later age. A biological explanation for this was given by Hayes and McCarthy (1976) . The model presented by them and its interpretation to their set of lines suggests that the mice selected for increased weight at older ages would consume more food and divert less metabolizable energy to fat production at younger ages or up to the age of selection. By the same analogy, selection for low body weight should favor the fattest animals of all. However, in practical situations this does not appear to be true. In most experimental results reported in the literature, selection has been shown to produce lean mice by reducing appetite. Experimental evidence of partitioning of food energy between maintenance and growth and of that available for growth between adipose and lean tissue deposition is required for explaining the reasons for among-line differences in body composition.
More evidence of the effect of selection on fat deposition in mice is available from the study of fat distribution by Allen and McCarthy (1980) . They studied mesenteric, forelimb, hind limb, kidney and gonadal sites of fat deposition and found that the fat depots did not contribute equally to the increases in the fat content of the carcass of a growing mouse. For example, the kidney and gonadal fat depots were late developing but fastest maturing of all the depots and correlated effects of selection were more pronounced in these locations. Their findings add another dimension to the experimental approaches in seeking solutions to the problem of among-line differences in tissue deposition. These results not only confirm the effect of selection in a general way, they also indicate the importance of various regions of the body in contributing to the differences in body composition among lines.
In two studies, continued selection for increased body weight appeared to reduce the body weight at which fat was deposited at its maximum rate (Fowler, 1958; McPhee and Nell1, 1976 ). Fowler's explanation was that if the genes causing rapid growth, that is, protein and water deposition, are fixed during the course of selection before those causing fat deposition, selection in earlier generations would result in increased protein deposition, while selection in later generations would accelerate earlier fat deposition. On a fat-free basis, selection for body weight in mice has been ineffective in changing the percentage composition of protein, water and ash in mice carcasses (Robinson and Bradford, 1969; Sutherland et al., 1974) . These results suggest that it may be difficult to alter chemical composition of the fat-free body.
Maternal Effects on Growth and Body Composition
A dam influences the traits of her progeny in at least three ways. First, she contributes to each offspring a sample one-half of her genes. Second, through genetic maternal effects she conditions the expression of phenotype in her progeny. Usually, these two contributions of the dam are confounded between themselves and with the genetic effects of the progeny and, consequently, the estimation of maternal effects is difficult. Third, environmental maternal influences are often implicated as causes of observed variation in growth of her progeny. Knowledge of the extent of maternal effects on growth traits is important for three reasons, (1) as a source of bias in estimating genetic parameters, (2) the repercussion on selection responses of the relationship of maternal effects with the direct effects and (3) the influence of maternal heterosis on growth of crossbred progeny, thus signifying the importance of F1 dams in crossing programs.
Evidence of significant maternal effects on body weight of mice has been demonstrated by experiments that utilized procedures such as (a) estimation of milk secretion by weighing pups before and after suckling, (b) crossfostering, (c) maternal and paternal covariances between relatives and (d) reciprocal crossing.
Maternal effects on growth can be partitioned into prenatal and postnatal components. The former are associated with uterine influences, whereas the later are mainly associated with milk yield of the dam. Several crossfostering studies with mice have shown that prenatal effects are small and are normally not detectable beyond 2 wk of age. The postnatal effects are large in the preweaning growth period and decrease in relative importance at later ages (Rutlege et al., 1972; Brandsch and Kadry, 1977) . As the direct effects are normally confounded with the prenatal or uterine effects, some researchers (Brumby, 1960; Moore et al., 1970) have used ova transfer techniques to separate these effects. Rutledge et al. (1972) indicated a small positive covariance between direct genetic and maternal genetic effects on body weight in a random mating stock of mice. A high positive correlation of .5 between additive maternal genetic effects for body weight at 12 d and additive direct genetic effects for body weight at 42 d was reported by Nagai (1978) in a random-bred line of mice. Hanrahan and Eisen (1974) and Robinson et al. (1974) observed a negative correlation between direct and maternal genetic effects for 12 d body weight in an unselected population of mice. Willham (1972) postulated that if a ngative correlation existed between the direct and maternal effects, it may be due to the dam giving to her progeny a 'plus' set of genes for direct effect and a poor maternal effect, or vice versa. Therefore, improvement by selection on phenotypic values would be difficult.
There are reports indicating the presence of postnatal environmental influences on body weight and body composition in mice. Hayes and Eisen (1979) studied body weights and weights of ether extract, water, ash and protein in mice reared in litters of three, six or nine. The mice of the three lines studied differed widely in growth rate. Body weights and weights of body constituents at 3, 6, 9 and 12 wk were larger for mice reared in litters of three than for those reared in litters of nine. Mice reared in litters of six were intermediate in body weight and weights of some of the body constituents between those reared in litters of three and nine. Differences in body weight and weights of body components due to postnatal maternal environment were small by comparison with differences due to genetic line. Significant line • maternal environment interactions in body weight at 21 d and in ether extract weight at 21 and 63 d were reported in their study. In another study Eisen and Durrant (1980) observed no important effects of varying litter size (maternal environment effect) or line x postnatal litter size interaction on litter weight and litter feed efficiency at various ages up to 6 wk. Some researchers (Nagai et al., 1971; Eisen, 1973; Hayes and Eisen, 1979 ) have compared the performance of two or three lines of mice for direct and postnatal maternal genetic effects on weights and weight gains at different ages. A few attempts were made to partition the direct or correlated responses into direct and maternal genetic effects (individual and maternal additive) and direct and maternal heterosis (Eisen, 1973; Bakker et al., 1976; Nagai et al., 1976; Williams et al., 1978) . In general, the results of these studies indicate that, although maternal genetic effects were significant at preweaning ages, the direct genetic effects were important at all ages. Maternal heterosis was significant for weight gain at early ages and for body weight, degree of maturity, absolute maturing rate and relative maturing rates at most preweaning and postweaning ages. Because maternal effects are part of the reproduction complex, evidence of maternal heterosis even in the absence of individual heterosis for growth traits is not surprising.
Most evidence of amongqine variation for maternal effects was available from diallel experiments using inbred or selected lines of mice (Carmon, 1963; Kidwell and Howard, 1969; Jamison et al., 1975) . These studies indicate that, in general, the maternal effects account for an increasing proportion of the total variance in body weight from birth to 3 or 4 wk of age and steadily decrease thereafter.
In summary, the foregoing studies suggest that the growth traits of young animals are influenced not only by their own genotypes, but also to a varying extent by maternal effects. The maternal sources of variation are important in the studies of both within-and among-line variation. Whereas the genetic analysis of within-line variation is useful in selective breeding, the components of among-line differences are useful in devising crossbreeding schemes.
Feed Efficiency
There is a good deal of confusion regarding the terminology of feed efficiency. Various measures of efficiency have frequently been used interchangably in the literature. Therefore, it is essential that feed efficiency be clearly defined before discussing any of its aspects. The terms feed efficiency, feed utilization and feed conversion ratio are synonymous and refer to the gain:feed ratio (or its reciprocal). Energetic efficiency on the other hand refers to the conversion of feed energy to body energy. The term biological efficiency is used for efficiency of absorption of nutrition from the food stuffs ingested. Metabolic efficiency implies the efficiency of an individual's metabolic system in converting food energy to body tissue.
When considering the trait feed efficiency, it should be realized that efficiency is not a directly measurable trait. Rather, direct measurements of growth (X l) and feed consumption (X2) are made and efficiency is then defined as an index (X1/X2 or X2/XI) of these two traits. Magee (1962) and Sutherland (1965) have considered the relationship between feed efficiency and weight gain and have indicated the situations in which this relationship will attain particular values. Whereas Sutherland chose to use the index feed/gain as a measure of efficiency, Magee preferred the reciprocal form gain/feed, which he termed "desirable feed efficiency." Titus et al. (1953) also drew attention to the alternate forms and suggested adopting feed efficiency (gain/feed) and feed conversion (feed/gain). The interpretation of results in any comparison will depend on the particular definition of feed efficiency.
Variations in the ability of mice to consume, digest and utilize are all involved in feed efficiency. Feed efficiency is difficult to interpret biologically because it is the end product of complex metabolic processes and it may vary with age, season, sex, stage of reproduction, behavior and activity, temperature, humidity and possibly many other factors.
The Heritability of Feed Efficiency and Selection Responses.
The available estimates of heritability of feed efficiency in mice indicate moderate to low values ranging from .1 to .4 (Sutherland et al., 1970; Yuksel et al., 1981) . Recently, Gunsett et al. (1981) have reported higher estimates of heritability of feed conversion. The effectiveness of selection for feed efficiency was tested in four lines of mice, one of which was selected directly for feed efficiency by Sutherland et al. (1970) . Estimates of heritability obtained from paternal half-sib analyses of data pooled over 12 generations of selection were .11 + .18; .22 + .18; .40 + .20 and .35 + .17 in the four lines. When the data from both sexes in all the lines and generations were pooled, the estimate obtained was .27 + .09. Because of the low heritability, progress from selection was generally slow. Also, because the line under direct selection for feed efficiency had previously been selected for weight gain, this may have altered the relationship between efficiency and weight gain by fixing some of the genes for these traits, thus resulting in decreased responses to selection for feed efficiency. The estimate of realized heritability for feed efficiency reported by Yuksel et al. (1981) was only .13 when averaged over two sets of lines selected for feed efficiency using different criteria of selection, but the response in feed efficiency after eight generations of selection was substantial (18 to 60% increase in efficiency). Gunsett et al. (1981) reported realized heritabi!ities of .56 and .73 for feed conversion based on the am0unt of feed required for a fixed gain and on grams of gain made on a fixed quantity of feed, respectively. Selection was practiced for four generations and was effective in improving feed conversion ratio of selected lines.
The Relationship of Feed Efficiency with Other Traits
Considerable evidence has accumulated to indicate desirable genetic and phenotypic relationships between feed efficiency, feed consumption and postweaning growth (Fowler, 1962; Lang and Legates, 1969; Sutherland et al., 1970; Stanier and Mount, 1972; Robison and Berruecos, 1973; Brown and Frahm, 1975; Kownacki et al., 1977; McPhee et al., 1980) . This has led to increased interest in indirect improvement of feed efficiency through selection for growth rate. From a recent review of the effect of selection for growth rate in mice, McCarthy (1980) stated categorically that "... there is no case for straightforward selection for efficiency, since selection for weight achieves similar results without the expense of food recording." This approach, however, does involve an assumption that the genetic correlation between body size and feed efficiency itself will not be altered with selection. Because feed efficiency in mice has largely been studied as a correlated response to selection for growth rate or body weight, it is appropriate to review the available information in the following sections, in the context of selection lines.
Body Weight, Feed Intake and Feed Efficiency. Sutherland et al. (1974) , Roberts (1979) and McCarthy (1980) have reviewed many aspects of feed efficiency and feed intake. The differences in efficiency between lines selected for body weight or growth rate and control lines are generally greatest in the 1 or 2 wk after weaning and then decline abruptly, levelling off at about 6 to 8 wk of age (Fowler, 1962; Hetzel, 1978; Roberts, 1981) . In an important study by Roberts (1981) , selection has been shown to change both feed intake and efficiency correspondingly. At the same age or weight, large mice consumed more than the controls, and small mice less. Feed intake/(week • unit body weight) was similar for large and small mice up to 4 wk of age, but thereafter, the lines began to differentiate. When fully grown, large mice ate about three-quarter of the amount of food consumed by small mice on a per unit body weight basis. The control mice were similar to the large mice until 6 wk of age, and thereafter their feed intake was intermediate between the large and small lines. Higher feed efficiency of large mice as compared with the controls may be due to their relatively reduced maintenance requirements which may be explained in terms of less surface area per unit of body weight with its implications for thermoregulatory thermogenesis. The differences in feed efficiency between small and control lines were not significant. observed that the gross efficiency of a line selected for postweaning gain compared with the control line was higher during a fixed postweaning gain (15 to 25 g) period. They also reported higher feed efficiency in the selected line on restricted feeding than on ad libitum feeding, which is difficult to explain. However, this is a common result in swine in which the reduction in fatness outweighs the decrease in intake with an overall effect of increase in efficiency. Stanier and Mount (1972) reported no differences in digestibility in selected and control lines of mice. As well, genetic differences in net energetic efficiency of tissue growth have not been clearly demonstrated among selected and unselected lines of mice (Fowler, 1962; Stanier and Mount, 1972) . Therefore, it appears that increased gross efficiency of the lines selected for increased growth rate may be due to their increased capacity for feed consumption resulting in a greater amount of energy available for gain. Positive correlated responses in feed intake invariably accompany selection for body weight or growth rate. Roberts (1973) demonstrated that mice selected for larger body weight at 6 wk consumed about 20% more food than the controls. In two lines of mice selected for 21-d 584.
MALIK body weight and weight gain between 21 and 42 d of age, average daily feed consumption between 3 and 6 wk increased by 17.4 and 26.9%, respectively, over the control line .
Body Composition and Feed Efficiency.
Many reports indicate that selection for increased growth per se may not be the most desirable. Although an increase in efficiency of feed utilization is observed, the correlated increase in feed consumption above that which is needed for maintenance requirements and protein synthesis results in a greater fat deposition in some lines. The energy costs of depositing 1 g of protein or fat are almost identical at 53 kJ metabolizable energy (Pullar and Webster, 1977) . But due to a much higher content of water in muscle than in fat, costs of gaining 1 g of body weight as fat and 1 g of lean are 53 and 11 kJ, respectively (Webster, 1977 ). Higher energy content of fat carcass is presumably at a considerable feed cost.
Because fat has a higher gross energy content than protein, a group of mice depositing excess fat should be considerably less efficient than the corresponding group depositing relatively greater amounts of protein and water. On this basis, Brody (1935) predicted that less efficient strains would store less protein and more fat than more efficient strains. Contrary to this prediction, selection for feed efficiency has been shown to increase fat in mice (Dickerson and Gowen, 1947; Yuksel et al., 1981) . In a number of other reports, selection for body weight or growth rate has been shown to increase both feed efficiency and carcass fat (Fowler, 1962; Sutherland et al., 1970; Brown and Frahm, 1975; Eisen and Bandy, 1977; McPhee et al., 1980) . In contrast, a few researchers (Fowler, 1958 , in the C strain of Falconer's mice; Lang and Legates, 1969; Brown et al., 1977) have indicated little change in body composition. Hayes and McCarthy (1976) and McPhee and Neill (1976) demonstrated that at younger ages, the mice selected for increased body weight were less fat than the control mice, at equal body weight. It would thus seem that because of the complex nature of relationships between body weight and body composition, the simple energetic relationship between feed efficiency and carcass fat as proposed by Brody (1935 ) needs to be examined more carefully.
Recent research on the aspect of thermoregulatory thermogenesis in the mouse may be useful in explaining the intriguing situation of feed economy and fat deposition. Mice display changes in temperature regulation that have been shown quantitatively to link with their ability to store fat. At 15 to 20 C, the metabolic rate of the normal mouse is twice that found at thermoneutral temperatures of 32 or 33 C (James and Trayhurn, 1981; McCarthy, 1980) . Smaller mice, due to their relatively larger surface area per unit of weight as compared with the larger mice, dissipate more heat through their body surfaces, thus spending more energy in maintaining normal body temperature so that less energy is available for fat storage. Larger mice on the other hand have reduced demands for thermoregulatory thermogenesis, resulting in excess energy ingested, after meeting normal growth requirement, being stored as fat. Mice in most laboratories around the world are kept at temperatures much below the thermoneutral zone. Therefore, increased feed efficiency accompanied by greater fat deposition in mice slected for rapid growth rate in comparison with mice selected for slow growth rate may be due to their lower energy cost of thermoregulation in hypothermal environments. Under thermoneutral conditions, as the ability to display the thermogenic differences is eliminated, the differences in fat deposition are minimized (Thurlby and Trayhurn, 1979) .
Feed lntake and Energetic Efficiency. When animals are fed ad libitum, large differences in feed intake and feed efficiency are observed. Such differences in feed efficiency may arise from differences in the amount of energy required for (1) maintenance, including the processes of thermoregulatory thermogenesis, basal metabolism, muscular activity and so on, (2) muscular growth and fatty tissue deposition. The energy requirement for maintenance is the amount of energy needed to keep the animal in equilibrium and so to prevent any loss from or degradation of its tissues. Thus, an intake of energy sufficient to offset the loss represented by the fasting catabolism and thermoregulation would be the requirement under the conditions specified for measuring the energy cost of components of maintenance. The maintenance requirement during an active growth period increases regularly with the increase in body size. In addition, energy needs for growth itself vary with growth rate and with the composition of the tissue formed. Per unit of body weight, the amount of energy required for tissue growth decreases with age, reflecting the declining rate of tissue deposition. As the animal grows towards maturity, the energy stored per unit of body weight increases due to a lower water and higher fat content of the tissue deposited.
There is a disagreement between reports available over the effect of selection for body weight on the efficiency of utilization of food energy. There is no evidence of increased food absorption due to selection for body weight, but changes in energy requirements for body maintenance and growth due to selection have sometimes been observed.
A study on the energy expenditure of mice by Fowler (1962) indicated lower maintenance cost in the large line than in the small line when calculated on the basis of per gram of body weight expressed against age. At similar body weights, irrespective of the age, the maintenance requirements of the two lines were not different. suggested little effect of nine generations of selection for postweaning gain on the net efficiency of tissue growth. The apparent advantage of the selected line over the control line in gross efficiency was attributed solely to the increased gains in body weight associated with increase in appetite. Canolty and Koong (1977) concluded that maintenance cost was not an important factor in influencing efficiency of energy utilization of selected mice, whereas the efficiency of energy utilization for growth was significantly increased. Stanier and Mount (1972) and Hetzel (1978) observed that mice of the lines selected for heavier body weights or increased growth rate, when offered levels of feeding below their ad libitum feed intake, grew faster than the control mice, an indication of their lower maintenance requirements. This result could occur if the large limit-fed mice were leaner. However, in both these studies neither body weight nor body composition differences of the lines were taken into account. McCarthy (1980) suggested that the differences in maintenance cost between his large and small mice at-a fixed age arose mainly through the scaling differences in the ratio of surface area to weight, which affect heat loss and thus the energy cost of thermoregulatory heat production. There were no differences in maintenance requirements of the large and small line mice at similar weights.
In summary, there is little doubt about the corresponding increases in feeding consumption as a result of selection for body weight or growth rate. Increases in feed efficiency are also oberved, but the interpretations with regards to the changes in energetic efficiency are somewhat conflicting and ambiguous.
Restricted Feeding and Feed Efficiency. The increased feed intake that accompanies an increase in body size could result in increases in metabolizable energy (Fowler, 1962; . Efficiency of protein deposition may not be altered (Canolty and Koong, 1977) . However, besides efficiency of protein deposition there is the additional aspect of carcass fat deposition. After meeting energy requirements for body maintenance and the complex processes of protein synthesis and degradation, the surplus ingested energy is then stored as fat. This consequence may not be completely avoidable, even when animals are slaughtered before reaching the age of sexual maturity; because in most mammals fat deposition occurs before puberty. The problem of increased degree of fatness in the carcasses of slaughter animals can be avoided to some extent by restricting food energy intake. A number of studies are available in the literature where mice were selected on restricted feed intake.
One of the earlier reports in mice on a restricted diet was that of Falconer and Latyszewski (1952) . After eight generations of selection, the mice selected for increased body weight on a restricted diet were superior in weight gain between 3 and 6 wk to those selected for increased body weight on an ad libitum diet, when both groups were reared on a restricted diet. Because their experiment was directed primarily at studying the genotype x environment interaction for 6-wk body weight, the correlated responses in food intake and body composition were not measured. observed greater differences in feed efficiency on a restricted level of feeding between a line selected for increased posteaning gain on ad libitum feeding and the control line. The differences between the selected and control lines for fat were more fully expressed under full feeding. For nonfat components, the differences between lines were expressed more fully under restricted feeding. The authors suggested that the increased fat deposition in mice selected on full feeding was a consequence of their increased food consumption capacity. This interpretation, however, does not explain why the differences between lines for protein, ash and water were more fully expressed under restricted feeding on an age constant basis. The energetic efficiency of the selected line was higher than that of the control, both on restricted and on full feeding. At the same weight, the energetic efficiency of the two lines was similar at both levels of feeding. Kielanowski (1968) predicted that if appetite variations were removed by offering similar amounts of feed irrespective of body weight, then pigs selected for increased growth rate should be leaner. This was argued to be so because such a selection would lead to a change in the partitioning of metabolizable energy to less costly lean. This prediction was put to experimental test by McPhee et al. (1980) . They selected two lines of mice for weight gain between 5 and 9 wk. The daily feed allowance over the test period was fixed at 83% of the average ad libitum intake of the control line. After six generations of selection, there was no evidence of an increase in protein at the expense of fat in one line, while in the other an actual increase in fat as compared with the control was observed. Reduced maintenance requirements and higher retention of metabolizable energy, although not measured, may be the likely explanation for increased growth efficiency observed in these selection lines. Reduction in maintenance requirements of selected mice may have been due to lower heat loss relative to their larger size and heavier body weights than the control mice. Hetzel (1978) and u et al. (1981) also selected for gain on restricted levels of feeding. No changes in feed consumption were observed in either of these studies when their lines were compared with the controls under ad libitum feeding. At the same time, gross feed efficiency increased in both researcher's lines. A decline in percentage fat was observed by Hetzel, while Yuksel and his co-workers reported an increase in fatness. The food restriction was 15 and 10% below the control mice ad libitum intake in the two studies, respectively. This may account for part of the differential response in fat deposition in the two studies. The overall increase in feed efficiency in spite of differences in body composition of the two lines may have arisen as a consequence of differential correlated responses in energy costs of maintenance and tissue metabolism.
Partitioning of Genetic Effects of Offspring and Darn
Traits of mammals are influenced by the quantitative gene effects of the dam and those of her progeny. Thus the genetic effects of both the dam and the offspring should be considered when comparing traits of two or more populations. Where populations are utilized in crossing, these may be studied as average direct genetic and average maternal genetic effects, direct and maternal heterosis and recombination effects of the offspring and dam. Dickerson (1969) gave a theoretical model for the choice of various crossbreeding alternatives. Estimates of genetic effects using Dickerson's model are frequently reported in the literature, but they are often confounded owing to the inadequacy of mating schemes.
The partitioning of the average differences among populations into effects of the offspring and dam may generally be used for all traits. However, the relative importance of any single component will be different fofdifferent traits. Characters of mature animals are largely determined by the genotype of the individual and the environmental factors. Ahernatively, traits of young animals are influenced not only by the genotype of the individual but also to a varying extent by maternal effects. Eisen (1973) evaluated the response to selection for 12-d litter weight in terms of average direct and average maternal genetic effects, using one of the lines plateaued for 12-d litter weight and an unselected control. An unbalanced backcrossing design was used and comparisons were made among selected and control lines, reciprocal F1 crosses, F2's and backcrosses. Selection response in 12-d body weight was primarily due to average direct genetic effects (92 %). Average maternal genetic effects contributed little to direct or correlated responses in body weight, In comparison, maternal heterosis was more important for preweaning weights and declined after weaning. Recombination effects were not significant for either pre-or postweaning body weights.
Average direct genetic, average maternal genetic and direct heterotic effects on body weight at 3 and 6 wk and weight gain during this period were analyzed by Bakker et al. (1976) . Two selected populations and their reciprocal F1 crosses, and two control populations and their reciprocal FI crosses were studied. Of the two selected populations, one had been selected previously over a number of generations for 6-wk body weight and another for 3-to 6-wk weight gain. Average direct genetic effects accounted for almost all the differences between the two selected popula-tions in body weight at 3 and 6 wk and weight gain. At 3 wk of age, 82% of the difference in body weight between the two control populations was determined by average maternal genetic effects. However, average direct genetic effects accounted for 73% of the differences in 6-wk body weight and almost all the differences in weight gain. Heterosis was significant for 3-and 6-wk body weights and was higher in F I crosses between control lines than between selected lines.
An extension of the above study was reported by Nagai et al. (1976) . They partitioned average and heterotic components of direct and maternal genetic effects for birth, 12-, 21-, 31-, 42-and 63-d body weights and weight gains between these ages. Average maternal genetic effects were responsible for a greater part of the differences between populations in 12-d body weight. In comparison, average direct genetic effects were more important for observed differences in postweaning body weights and pre-and postweaning weight gains. Direct heterosis was significant for almost all the traits, whereas maternal heterosis was significant for weight gains at early ages and for body weights. Direct heterosis tended to be larger than maternal heterosis in both selected and control line crosses. Direct heterosis in both the studies Nagai et al., 1976) was calculated as a deviation of the parental mean from the F 2 progeny mean multiplied by a factor of 2, because only one-half of the direct heterosis is expected in F2. This would have resulted in doubling of the recombination effects that were confounded with the direct heterosis. Consequently, the reported estimates of direct heterosis were in fact combined estimates of direct heterosis and recombination effects (h O + rO). Similarly, estimates of maternal heterosis were confounded with one-half the component of recombination effects (h M + 1/arO). Therefore, if recombination effects were significant, the estimated values of direct and maternal heterosis would be biased. partitioned the differences between selected and control populations for body composition traits (water, fat, protein and ash) at 3, 6 and 9 wk, and feed and energetic efficiency during 3-to 6-and 6-to 9-wk age intervals into genetic effects of the dam and offspring. Neither average direct genetic nor maternal genetic effects were significantly different between the two control populations for a majority of traits. Differences between maternal genetic effects of the selected populations were also generally not significant. Average direct genetic effects were responsible for major differences between the selected populations. Direct heterosis estimates in F1 crosses involving selected or control populations were in general not significant. Hayes and Eisen (1979) studied differences in preweaning body weight and carcass composition between three lines of mice, two of which were selected for high and low 6-wk body weight, and a third unselected control. Positive correlated responses to selection in direct genetic and postnatal maternal genetic effects on body weight, weight of lean and weight of fat were observed in both the selected lines. The correlated responses in postnatal maternal genetic effects for these traits were of the same order of magnitude as direct genetic effects. Eisen and Roberts (1981) determined correlated responses in direct genetic, postnatal maternal genetic and litter size effect on fat deposition at 6 wk of age using gonadal fat as an index of adiposity. Direct genetic effects were three times as large as postnatal maternal genetic effects. Increases in litter size reduced both the weight and proportion of gonadal fat but this factor was of less importance than direct genetic effects.
In summary, the foregoing studies indicate that the phenotypic differences between populations for body weight and weight gain are due primarily to direct genetic effects and that the contribution of maternal genetic effects is small but quite variable depending upon the age and the specific populations considered. Maternal genetic and maternal heterotic effects are more important for preweaning growth, whereas direct heterosis is more important for postweaning growth. The situation with regard to body composition, feed efficiency and energetic efficiency is less clear. In addition, due to inadequacy of mating designs, the reported estimates of various genetic effects are often biased.
Literature Cited
Allen, P. and J. C. McCarthy. 1980 
